Background: A great diversity of multi-pass membrane receptors, typically with 7 transmembrane (TM) helices, is observed in the eukaryote crown group. So far, they are relatively rare in the prokaryotes, and are restricted to the well-characterized sensory rhodopsins of various phototropic prokaryotes.
Background
Cells have evolved several strategies to recognize and respond to diverse stimuli that constantly bombard their cell surfaces. The most common strategy involves receptors that are embedded in the cell membranes [1, 2] . Typically, these receptors comprise of an external sensory surface, a membrane-spanning module, and an intracellular surface that transmits signals to the internal cellular machinery. Numerous receptors, which are constructed on this basic architectural principle, are known from all the three domains of life. Particularly common, in both eukaryotes and prokaryotes, are the receptors that combine an extracellular ligand-binding domain with a single transmembrane segment followed by an intracellular signaling module [1, 2] . In bacteria, the most frequently occurring intracellular signaling domain is the histidine kinase domain that ultimately catalyzes phosphotransfer to a receiver domain, as part of a two-component relay system [3] [4] [5] . In the more complex crown group eukaryotes, receptors with an intracellular kinase domain that catalyzes the phosphorylation of serine, threonine or tyrosine, are the most common receptors [6, 7] . In both eukaryotes and prokaryotes, receptors with intracellular catalytic domains that signal via diverse cyclic nucleotides are also fairly widespread. In contrast, certain classes of receptors are relatively limited in their distribution. For example, the classic bacterial-type chemotaxis and temperature receptors are thus far restricted to prokaryotes [8, 9] .
Amongst the crown group eukaryotes, such as slime molds, fungi and animals, serpentine or seven-transmembrane receptors (7TMR) are a very widely used class of receptors. Members of this class are characterized by seven membrane-spanning segments, which are arranged approximately in two-layers [10, 11] . In some cases such as rhodopsin, a light receptor, they may covalently bind a prosthetic group like retinal in the cavity formed by the helices. Alternatively, they bind to a variety of soluble or surface-anchored ligands such as odorants, neurotransmitters and peptides [11] . In certain cases, such as the animal metabotrobic glutamate receptors, frizzled and latrophilin-like receptors, the 7TMRs possess additional extracellular globular domains that specifically interact with their ligands. The structural scaffold of the 7TMRs apparently possesses a great degree of flexibility that allows them to sense a remarkable diversity of ligands, such as odorants, in animals [12] . As a result, the 7TMRs form some of the largest multigene families in the genomes of vertebrates and nematodes [13] . In animals the 7TMRs predominantly function via heterotrimeric GTPases (G-proteins), which in turn relay a signal to a variety of effectors, such as adenylyl cyclases, phospholipases and ion channels. In the fungi, the 7TMRs additionally activate signaling via Ras-like small GTPases, while in Dictyostelium they may also directly activate MAP kinase cascades and calcium channels though alternative pathways [11] . There is also some evidence for G-protein-independent pathways downstream of 7TMRs in animals and plants [11, 14] .
Though 7TMRs are currently unknown in eukaryotes other than animals, slime molds, fungi and plants, distantly related proteins, namely the prokaryotic rhodopsins, are encountered in bacteria and archaea [15, 16] . The animal and the prokaryotic rhodopsins widely differ from each other in the residues that bind retinal and the actual location of the ligand in the internal pocket. However, structural comparisons between the animal rhodopsins and the prokaryotic proteins reveal that they adopt essentially the same topology and three-dimensional fold [10, 17, 18] . This suggests that they have most probably descended from a common ancestor despite extensive divergence of their sequence. The prokaryotic rhodopsins perform several different functions: 1) Classical bacteriorhodopsin and halorhodopsin from halophilic archaea and the proteorhodopsins from uncultured marine γ-proteobacteria act as photon-dependent proton or chloride transporters [19] . 2) The sensory rhodopsins from halophilic archaea function as light sensors that transmit a signal in the form of a light-induced conformational change to the transmembrane helices of receptors of the chemotaxis receptor family [16] . 3) The signaling rhodopsins from cyanobacteria, like Anabaena, function as light receptors that transduce a signal via a small intracellular conserved protein that is only found in bacteria [20] .
Additionally, relatives of these prokaryotic rhodopsins are also found in several eukaryotes such as chlorophytes, dinoflagellates and fungi. While they appear to be light sensors in these organisms, their exact mode of action is poorly understood [21] .
The prevalence of prokaryotic rhodopsins raises the question as to whether other, as-yet-uncharacterized 7TMRs might be deployed in prokaryotic signaling. The availability of prokaryotic genome sequences from across a wide phyletic spread allows one to address this question by using comparative genomics. Comparative genomics has extensively aided the detection of novel domains involved in signal transduction [22] [23] [24] [25] [26] [27] . Furthermore, the use of contextual information that emerges from gene neighborhoods or predicted operons in prokaryotes and domain or gene fusions has provided several functional leads regarding the novel signaling domains [28] . Conserved gene neighborhoods or operons are often indicative of the products of those genes interacting physically to form complexes, or their involvement in successive steps of biochemical pathways [29, 30] . Likewise, gene fusions also suggest the close physical interactions between the products of the fused genes. Recurrent fusions of uncharacterized domains with other functionally characterized domains also help in elucidating the functions of the former through the principle of "guilt by association" [31, 32] . New genomic information coming from diverse organisms often improve these analyses, because they provide newer contextual connections and allow testing of previously observed connections. The increasing flow of genomic information also helps in the identification of new domains that are absent or infrequent in the proteomes of well-studied organisms.
In this work, we apply the tools of sequence profile analysis and comparative genomics to the wealth of new information from prokaryotic genomes to identify novel membrane-associated receptors. We identify new types of bacterial 7TMRs, and show that they are far more prevalent than previously suspected. They transduce downstream signals via various intracellular pathways and are likely to play an important regulatory role in several pathogenic and free-living bacteria. These bacterial 7TMRs are also associated with novel, extracellular, ligand-binding domains, some of which appear to have undergone lineage specific radiation to recognize diverse ligands. These bacterial receptors may also provide a model for the generalized principles of 7TMR function, and even help in understanding non-G protein linked signaling mechanisms via analogous receptors in eukaryotes. We also identified two other groups of widespread membraneassociated receptors, with five and eight membrane-spanning segments respectively, in diverse bacterial lineages.
Results and Discussion

Identification of novel putative receptors in bacterial proteomes
In order to characterize potential novel domains that may play a role in bacterial signal transduction we collated all available predicted proteomes of prokaryotes from across the entire phyletic spectrum (For details see Methods section below). We laid particular emphasis on including all the recently sequenced proteomes that had not been subjected to sensitive comparative sequence analysis by others or us. Using sensitive PSI-BLAST derived profiles, we collected all the proteins in these proteomes that contained one or more of the commonly occurring domains involved in signal transduction, such as the histidine kinase, chemotaxis receptor, GGDEF, EAL, HD hydrolase, PAS and GAF domains [3, 22, 33] . In order to identify different kinds of novel signaling receptors, we isolated all proteins in this set which satisfied at least one of the following criteria: 1) They possessed multiple (three or more) membrane-spanning seqments that could be predicted in them using the TOPRED [34] , TMPRED [35] , TMHMM2.0 [36] and PHDhtm [37] programs. This allowed us to enrich potential multi-TM signaling receptors that are distinct from the common single-pass (1TM) or double-pass (2TM) receptors. 2) They showed large globular extracellular regions that could not be mapped to any other previously characterized domains. This allowed us to identify potential uncharacterized extracellular domains that may function as extracellular sensors.
The regions from signaling proteins fulfilling the abovespecified criteria were then clustered based on gapped-BLAST bit-score densities in the range of 0.8 to 0.4 per position, using the BLASTCLUST program. We specifically concentrated on those regions that formed distinct clusters with multiple representatives from the same or different organisms because they were likely to represent evolutionarily conserved domains with functional relevance in a wide range of organisms. We then used representative versions of each these regions of similarity as seeds in PSI-BLAST searches of the non-redundant protein database (NR database, National Center for Biotechnology Information). Through these searches, we were able to identify all currently available occurrences and characterize the diverse domain contexts in which they occurred. In searches involving membrane-spanning regions, we took care to avoid the inclusion of false positives arising due to their bias towards hydrophobicity. To achieve this, all searches were conducted using the correction for PSI-BLAST-statistics based on sequence composition [38] and the e-value threshold for inclusion in the profile was set at .001. We also ensured that all the detected TM domains were approximately the same size and adopted the same topology in predictions with the above-mentioned algorithms for TM prediction. Finally, we used reciprocal searches to determine whether a consistent set of proteins were recovered from different starting points with significant e-values (e < .001), and examined the sequence alignments for characteristic patterns that could distinguish them from other membrane proteins.
We describe below the novel classes of bacterial membrane receptors that were identified as a result of this analysis and the potential gleanings regarding their functions.
Characterization of a bacterial family of seven transmembrane receptors with diverse intracellular signaling modules
The proteins PA4856 from Pseudomonas aeruginosa and TP0040 from Treponema pallidum emerged as representatives of a large cluster of proteins identified in our receptor-search procedure. These proteins shared a homologous transmembrane domain with 7 predicted membrane-spanning helices (Figure 1) fused to histidine kinase catalytic domains and receiver domains in the case of PA4856, and a chemotaxis receptor domain in the case of TP0040 ( Figure 2 ). An examination of their predicted membrane-spanning topology showed that it was identical to that observed in the eukaryotic 7TM receptors and the prokaryotic rhodopsins, with the N-terminus projecting into the extracellular (or periplasmic) space and the Cterminus into the intracellular space ( Figure 2 ). Furthermore, they were approximately the same size as the prokaryotic rhodopsins and eukaryotic 7TMRs (250-300 residues) and did not deviate in terms of the size distribution of the inter-helix loops from the latter class of proteins. In order to further investigate their affinities and phyletic spread, we initiated PSI-BLAST searches with these proteins. These searches recovered numerous homologous 7TM domains from several proteobacterial lineages, such as Azotobacter, Rhizobia, Pseudomonas, Vibrio, Coxiella and Xylella, spirochetes like Treponema and Leptospira, Gram positive bacteria, like Clostridia and Bacillus halodurans, and other bacterial lineages, such as Cytophaga and Chlorobium (Figure 1 , Table 1 ). In particular, several proteins with these 7TM domains were seen in Cytophaga hutchinsonii (13 copies) and Leptospira interrogans (14 copies) ( Table 1 ). All complete versions of these domains were predicted to possess a characteristic topology with an outward facing N-terminal region and cytoplasmic C-terminus. The seven predicted TM helices corresponded precisely with the seven hydrophobic segments that were strongly conserved in all these proteins. When a profile including all the above-detected bacterial 7TMR domains was used to search the NR database, the eukaryotic 7TMR receptor domains of latrophilin (gi: 4185804), ETL (gi: 4423362) and a 7 TMR domain Multiple sequence alignment of the 7TM domains of the 7TMR-DISM family Figure 1 Multiple sequence alignment of the 7TM domains of the 7TMR-DISM family. Multiple sequence alignment the 7TMR-DISM family was constructed using T-Coffee [73] after parsing high-scoring pairs from PSI-BLAST search results. The PHD-secondary structure [78] is shown above the alignment with | representing an α-helix. The 85% consensus shown below the alignment was derived using the following amino acid classes: hydrophobic (h: ALICVMYFW, yellow shading); small (s: ACDGNPSTV, green) and polar (p: CDEHKNQRST, blue). The limits of the domains are indicated by the residue positions, on each end of the sequence. The two major groups of these receptors, typically associated with either 7TMR-DISMED2s (upper group) or 7TMR-DISMED1s (lower group), are separated by a spacer. The numbers within the alignment are non-conserved inserts that have not been shown. The sequences are denoted by their gene name followed by the species abbreviation and GenBank Identifier (gi). The species abbreviations are as provided in Table 1 . This alignment is provided as an additional file in the MS-WORD format (additional file 1). encoded by the prawn nidovirus (gi: 9082017) were recovered as the best hits (e-values = 10 -2 -3 × 10 -3 ) outside of the bacterial family.
A sequence alignment of the 7TM domains that were recovered in these searches showed that they shared a characteristic pattern of sequence conservation ( Figure 1) including two well-conserved polar residues at the C-termini of the first and the last helix (typically basic Phylogenetic tree, domain architectures and gene neighborhoods of the 7TMR-DISM family Figure 2 Phylogenetic tree, domain architectures and gene neighborhoods of the 7TMR-DISM family. Phylogenetic relationships of the 7TMR-DISM domain containing proteins along with the domain architectures are shown. The seed alignment used for constructing the tree was one similar to that shown in Fig. 1 . The RELL bootstrap values for the major branches are shown at their base. The thickness of a given branch is approximately proportional to the number of proteins contained within it. Domain architectures of the proteins in each branch of the tree are shown in boxes pointed to by the black arrows. The phyletic pattern of each family is shown, along with the number of proteins (if there are more than one). The gene neighborhood data for some of the genes encoding 7TMR-DISM encoding genes is depicted using block arrows. A red arrow indicates the domain architectures of proteins encoded by each gene. The species abbreviations are as shown in residues). A comparison of these 7TM domains against a library of PSI-BLAST profiles and hidden Markov models (See Methods for details) for previously characterized membrane proteins gave the nematode 7TM receptor family and the prokaryotic rhodopsins as the top-scoring hits (e-values ~.01-.05), suggesting a closer relationship with the classic 7TM receptor families to the exclusion of various other membrane-associated proteins (e-values ~.9-3.5). An examination of the domain architectures of these 7TM proteins reveals considerable diversity around a shared basic architectural blue print. At their N-terminus, these 7TM domains were either directly preceded by a predicted signal peptide, or by different extracellular globular modules, analogous to the domain organization of the animal metabotropic glutamate receptors. At their C-termini they were typically fused a range of catalytic and non-catalytic signaling domains ( Figure 2 ). The former category includes the quintessential bacterial two-component-system-modules, namely the histidine kinase and receiver domains, cyclic diguanylate signaling enzymes such as the GGDEF-type cyclase and EAL-type phosphodiesterase domains, cNMP generating cyclases and PP2C phosphatases [3, 22, 39, 40] . The non-catalytic domains include the PAS, chemotaxis receptor, TPR, and HAMP domains [8, 26, 27, [41] [42] [43] . Interestingly, three DNA binding domains, the AraC-type HTH [44] , the OmpR-type HTH [45, 46] and the bacterial IS1-like Zn finger domains (VA & LA unpublished), are also fused C-termini of cer- tain 7TM receptors from Leptospira and Cytophaga ( Figure  2 ). While a small subset of the receptors lack any intracellular domains, they could non-covalently associate with soluble catalytic domains on their intracellular surface. Hereinafter, we refer to these bacterial receptors as 7TMR-DISM (for 7TMreceptors with diverse intracellular signaling modules).
The great diversity of domain architectures of the 7TMR-DISM family, particularly in terms of their intracellular modules, suggests that they activate number of different intracellular signals in response to different external ligands. With respect to transmitting different cytoplasmic signals via their intracellular regions they resemble the eukaryotic 7TMRs, rather than the prokaryotic bacteriorhodpsins, which are mainly photon-dependent ion pumps. The presence of intracellular DNA-binding domains in certain 7TMR-DISMs suggests that they may take advantage of the non-compartmentalized state of the chromosome in bacteria to directly bind DNA and regulate transcription in response to ligand-induced conformational changes. Additionally, analysis of the gene neighborhoods reveals that in Ralstonia, Pseudomonas and Leptospira the genes encoding 7TMR-DISMs form predicted operons with HTH-transcription factors with receiver domains. These are likely to represent two-component systems in which the transcription factors are modulated by the signal-activated 7TMR-DISM proteins ( Figure 2 ). The presence of TPR repeats in the intracellular regions of certain 7TMR-DISMs is reminiscent of components of eukaryotic signaling systems [42] . These repeats may act as structural scaffolds that link the 7TMR-DISMs to intracellular protein complexes.
The identification and functional analysis of the novel extracellular ligand-binding domains of 7TMR-DISM proteins
The N-termini of most 7TMR-DISMs are linked to large extracellular regions that are predicted to assume a globular structure. As these regions were also recovered in our procedure for identifying novel extracellular ligand-binding domains of receptors, we investigated them in greater detail. Clustering using BLASTCLUST showed that most of these extracellular domains associated with the 7TMR-DISMs fell in either of two distinct clusters. While some of the extracellular regions did not initially fall into any of the clusters, iterative PSI-BLAST searches with representative seed sequences unified all these extracellular regions with one or the other cluster. This suggested there are two distinct varieties of extracellular domains associated with the bacterial 7TMR-DISMs, which we accordingly refer to as 7TMR-DISMED1 and 7TMR-DISMED2 (for 7TMR-DISM extracellular domains 1 and 2).
Iterative PSI-BLAST searches of the NR database with 7TMR-DISMED1 additionally recovered a globular domain inserted in the middle of the sialate acetylesterase domain from various proteobacteria (e-value = 10 -3 -10 -5 iteration 3), and in subsequent iterations carbohydrate metabolism enzymes (e-value = 10 -2 -10 -4 iteration 4-5) such as β-galactosidases, β-mannosidases and β-glucuronidases [47, 48] . For example, a search with the 7TMR-DISMED1 from the protein LA2676 from Leptospira recovered the insert domain of the sialate acetylesterases in iteration 3 (eg. Mdeg0217, Microbulbifer degradans, e = 10 -4 ), β-galactosidase in iteration 4 (LacZ, E. coli, e = 10 -5 ) and
glucuronidases in iteration 6 (eg. GUS, Homo sapiens, e = 10 -2 ). The 7TMR-DISMED1 corresponds precisely to a distinct domain in the galactosidases and the glucuronidases, which is seen to adopt a β-jelly roll topology in their crystal structures [49] ( Figure 3A ). These domains function as accessory carbohydrate binding domains, rather than catalytic domains of the enzymes in which they occur [49] . An examination of the sequence alignment ( Figure 4 ) shows that the 7TMR-DISMED1s and the β-jelly roll domain of the carbohydrate-metabolism enzymes share several conserved residues, including certain characteristic aromatic positions. The sequence alignment also suggests that the 7TMR-DISMED1s are likely to preserve the spacious cavity of these jellyrolls with a characteristic triangular outline ( Figure 3A ). The projection of some of the highly conserved residues into this cavity ( Figures 3A and  4 ) suggests that the core structure of the ligand-binding pocket is also likely to be conserved across all these proteins. These observations imply that the 7TMR-DISMs with the 7TMR-DISMED1 are most likely to function as receptors for carbohydrates or related derivatives.
In contrast to the 7TMR-DISMED1s, the 7TMR-DISMED2 domains did not recover any statistically significant hits to sequences with known structures. However, secondary structure prediction based on the multiple sequence alignment predicted that the 7TMR-DISMED2s are likely to adopt an all β-fold with at least 8 extended regions ( Figure  5 ). The average size of the domain and the distribution of the lengths of the extended regions matched that of several carbohydrate-binding domains, such as the discoidin domain, the cellulose binding domains of cellulases and the fucose-binding domain, which share a common jelly roll topology with the 7TMR-DISMED1s [50, 51] . Hence, it is plausible that the 7TMR-DISMED2s represent yet another distinct superfamily of the carbohydrate binding jelly roll fold. This would imply that the 7TMR-DISMED2s could also potentially function as sensors for carbohydrate or related ligands.
Previous studies have shown that mapping of residues conserved in specific subgroups of a protein family on the surface view of a representative structure of that domain may throw light on regions involved in specific interactions of those subgroups [52, 53] . As such analysis could throw more light on the mechanisms of action of 7TMR-DISMs, we constructed a homology model for the 7TM domain of a representative bacterial receptor using the vertebrate visual rhodopsin and the bacteriorhodopsin as templates. We then plotted the residues conserved in the two major subgroups (see below) of 7TMR-DISMs on to the surface view of this model. Several residues that were specifically conserved in the 7TMR-DISMs, which possessed 7TMR-DISMED1s, formed distinctive patches on the rim of the tubular 7TM structure ( Figure 3B ). These regions could represent regions of contact between the extracellular (or periplasmic) 7TMR-DISMED1 and the outer surface of the 7TM domain. This would imply that the alterations of the contacts between the extracellular domain and the 7TM domain upon ligand-binding, are likely generate the necessary conformational change for propagating an internal signal. The domain-architectural organization of most of the 7TMR-DISMs closely resembles that of the animal glutamate receptors and vertebrate taste receptors [11, 54] . Hence, it is possible that these receptors could act through a similar mechanism in which the signal is relayed via an interplay between the extracellular ligand-binding domain and the 7TM domain.
Evolutionary diversification of the 7TMR-DISMs in bacteria
We analyzed the evolutionary history of the 7TMR-DISMs by constructing phylogenetic trees with the alignments of the conserved 7TMR domains using the neighbor-joining, least square and maximum-likelihood methods ( Figure  2 ). These trees showed that the 7TMR-DISMs were divided into two major clusters that corresponded to forms fused to either 7TMR-DISMED1 or 7TMR-DISMED2 at their Ntermini. A small number of proteins in either group lacked a distinct extracellular globular domain, suggesting secondary loss of these domains. Phyletic pattern of the 7TMR-DISMs is patchy: two relatively closely related bacteria may differ in having or lacking a gene for such a receptor, whereas two distantly related bacteria may possess closely related receptors. The phylogenetic tree shows that forms from distantly related bacteria occasionally group together, with statistically significant support for their grouping (Rell BP>80%, for 10000 boot strap replicates). For example, one such well-supported cluster ( Figure 1 . The PHD-secondary structure [78] is shown above the alignment with E representing a β strand, and H an α-helix. In addition to the convention described in Fig. 1 the consensus also shows the aliphatic subset of the hydrophobic class (l; ALIVMC, yellow shading) and the aromatic subset of the hydrophobic class (a; FHWY, yellow shading). The families shown to the right are A -7TMR-DISMED1, B -accessory domains of sialate 9-O-acetylesterases and C -accessory domains of βglucoronidases and β-glucosidases. The species abbreviations are as shown in Table 1 YGLRISNIRMASAIYVNGNQAGGSGK
LGLKIHNIWMAHRLFINGQLVKESGL comprised entirely or largely of proteins from a single organism ( Figure 2 ). These lineage specific expansions [55] accounted for almost all of the 7TMR-DISMs in organisms such as, Desulfitobacterium, Leptospira and Cytophaga, which contained multiple copies of these 7TM domains. Furthermore, some diversity was observed in the intracellular domains associated with the 7TM domains from the proteins belonging to these lineage specific clusters ( Figure 2 ). This suggested that the 7TMR-DISM evolved through lineage specific expansion of the 7TM domain in various bacterial lineages, accompanied by some domain shuffling in their C-terminal intracellular modules. The lineage specific expansion of these 7TMRs is reminiscent of the evolution of the eukaryotic 7TMRs such as the odorant receptors of vertebrates and chemoreceptors of nematodes [55] . The predicted role, for at least a subset of these receptors, in carbohydrate sensing, is consistent with their expansion in Cytophaga hutchinsonii that is known to actively metabolize polysaccharides [56] . The expansion in Leptospira implies that this spirochete too may respond to diverse carbohydrates. Alternatively, it could also utilize its numerous 7TMR-DISMs to recognize different carbohydrates on host cell surfaces to regulate its motility.
7TMR-HD: a novel family of bacterial receptors with a HD hydrolase domain
Another family of potential bacterial 7TMRs that was recovered by our receptor search procedure was typified by slr0104 from Synechocystis. This family of receptors is present in cyanobacteria, spirochetes like Leptospira and Treponema, most low GC Gram positive bacteria, some proteobacteria, like Magnetospirillum and Geobacter, Chloroflexus, Fusobacterium and Chlamydia pneumoniae ( Figure  6 ). All members of this family are characterized by the presence of an intracellular HD hydrolase domain [57] Cterminal to the 7TM domain. Accordingly, we named these receptors as 7TMR-HD (for 7TM receptors with intracellular HD domains). The majority of 7TMR-HD proteins also contain a distinct domain N-terminal to the 7TM domain that is predicted to localize to the extracellular or periplasmic compartment, based on the presence of a signal peptide. Analysis of the predicted topology and searches against a position specific score matrix library of Multiple sequence alignment of the 7TMR-DISMED2s Figure 5 Multiple sequence alignment of the 7TMR-DISMED2s.Multiple sequence alignment the 7TMR-DISMED2 domain was constructed as detailed in the legend to Figure 1 . The 90% consensus follows the same convention as in Figure 1 and 2 . The species abbreviations are as shown in Table 1 .
membrane-spanning domains with RPS-BLAST, suggests that the 7TM domains of the 7TMR-HDs are distant relatives of other eukaryotic and bacterial 7M receptors (evalues ~.01-.07). However, the 7TMR-HDs possess several distinctive features in their 7TM domain that clearly demarcate them from all other membrane proteins. These include, positively charged patches in the intracellular loops between helix 1-2 and helix 5-6, a glycine in helix 7, and conserved glutamate and alcoholic residues in the C-terminal cytoplasmic tail ( Figure 6 ).
In terms of domain architecture, the 7TMR-HDs are most similar to the 7TMR-DISMs in possessing a large N-terminal extracellular domain and an intracellular signaling domain. This architectural pattern suggests that the extracellular domain (7TMR-HDED, for 7TMR-HD Extracellular Domain) is most likely to function as a sensor domain that transmits the signal via the 7TM domain to the intracellular catalytic domain. Sequence profile searches with the extracellular domain did not establish any relationship with previously known globular domains. A multiple
Multiple sequence alignment of the 7TM domains of the 7TMR-HD family Figure 6 Multiple sequence alignment of the 7TM domains of the 7TMR-HD family.Multiple sequence alignment the 7TM domains of the 7TMR-HD family was constructed was constructed as detailed in the legend to Figure 1 . The 95% consensus follows the same convention as in Figure 1 and 2 and also shows the following classes alcohol (o: ST, Blue), the tiny subclass of small (u; GAS, Green shading) and an 'E' shows the completely conserved amino acid in that group. The species abbreviations are as shown in Table 1 . LGEGRMIIACAIAAVAAIYS RRLRSRAQLLQMAFLLPLGALLAEWLLLSAGGSGAWG 5 GNELLSEALLMGILLMLAIL-LIPILETSFGLLT 461 Synwh0656_Syn_23133329
LGHGRLLIAVAVATTGGVIA alignment of the 7TMR-HDEDs shows that it is highly enriched in polar residues and is predicted to assume a predominantly α-helical fold with several amphipathic helical hairpins (Figure 7 ).
To gain further insight into the functions of the 7TMR-HDs we used the contextual information available in the form of their gene neighborhoods ( Figure 8A ). In Grampositive bacteria, Fusobacterium, Treponema, Leptospira, Geobacter and Thermotoga, the 7TMR-HD gene is always associated with the conserved PhoH-YbeY-diacylglycerol kinase gene neighborhood, and is specifically located adjacent to the YbeY and PhoH genes. The PhoH-YbeYdiacylglycerol kinase gene neighborhood [58] is defined by several conserved genes ( Figure 8A ), which often occur adjacent to each other or the gene for the well-studied bacterial membrane-associated enzyme diacylglycerol kinase (DgkA) [59, 60] . The PhoH gene encodes a member of the helicase-like superclass of the P-loop NTPase fold, and has been linked to the response to phosphate starvation in E. coli [58] . The third major member of this neighborhood encodes a highly conserved, uncharacterized protein typified by E. coli YbeY. An alignment of the YbeY orthologs (unpublished data VA & LA) indicates that it possesses 3 conserved histidines that are arranged in a manner very similar to the Zincin-like metallopeptidases [61, 62] . The occurrence of YbeY next to the DgkA gene, and the fusions of the YbeY protein with the DgkA protein, suggest a func-Multiple sequence alignment of the 7TMR-HDEDs Figure 7 Multiple sequence alignment of the 7TMR-HDEDs.Multiple sequence alignment was constructed as detailed in the legend to Figure 1 . The species abbreviations are as shown in Table 1 . tion for it in the same pathway as DgkA, namely lipidhead-group metabolism. This function is also supported by the fusion of the YbeY protein to the acyl carrier protein synthase domain in Plasmodium. These observations, taken together with the predicted metalloprotease-like active site of the YbeY proteins, suggest that YbeY is most likely to function as an endogenous lecithinase (phospholipase C) in lipid metabolism to generate diacylglycerol, the substrate for DgkA, from phosphatidylcholine. This would imply that the 7TMR-HDs, which show a strong association with the PhoH-YbeY-diacylglycerol kinase gene neighborhood, are likely to function as a regulator of this pathway of lipid metabolism.
It is possible that the highly polar 7TMR-HDED may sense particular changes to ion concentrations, and regulate the YbeY-DgkA-dependent lipid metabolism pathway in order to regulate membrane properties. The nature of the intracellular signal transmitted by the HD hydrolase domain of the 7TMR-HDs is unclear. This HD domain is very distinct from the HD-GYP variety, which acts as a cyclic diaguanylate phosphodiesterase. Contextual analysis also provides no evidence for any association with GGDEF proteins, thus ruling out a role in cDGMP signaling [39] . Likewise, contextual information does not provide any evidence for association with cyclic NMP signaling even though HD domains are known to act as phosphodiesterases in this signaling pathway. These observations imply that the HD hydrolase domain of the 7TMR-HDs may have a distinct function of its own. One possibility is suggested by the contextual association of the 7TMR-HD genes with the genes for the P-loop protein PhoH ( Figure 8A ). These two proteins could potentially constitute a kinase-phosphoesterase couple that regulates YbeY-DgkA-dependent lipid metabolism. In Chlamydia pneumoniae 7TMR-HD gene occurs in the neighborhood of genes for several uncharacterized membrane proteins with no detectable homologs in other bacterial lineages. Hence, it is likely that in C. pneumoniae the 7TMR-HD has acquired a distinct function, which may be related to the expression of these pathogen-specific surface proteins.
Other bacterial receptors with evolutionarily mobile membrane-associated sensory domains
Most of the above-identified bacterial 7TMRs contain additional N-terminal domains that are likely to play a crucial role in recognition of an extracellular signal. We were also interested in identifying novel families of membrane-associated receptors that do not contain any extracellular N-terminal domains, but primarily utilize their multi-TM domains for sensory purposes. While there are numerous prokaryotic signaling proteins with TM domains, a widely utilized sensory TM domain is likely to exhibit the following characteristics: 1) distinctive sequence or structural features that clearly distinguish them from generic multi-TM proteins and previously characterized transporters. 2) Evolutionary mobility, which means that the same conserved multi-TM domain could be associated with different types of intracellular signaling domains. These criteria are supported by the precedence offered by the domain architectures of previously identified membrane-associated bacterial receptors, such as those of the MHYT family [63] . Analysis of the clusters of conserved Multi-TM domains recovered in our receptor search procedure identified two widespread groups of conserved membrane-associated domains that were combined in different proteins with different types of intracellular signaling domains, but lacked any other extracellular domains.
The first group of these domains is typified by the Bacillus proteins, LytS and YhcK, which share a conserved membrane-spanning domain with 5 TM helices ( Figure 8B and  9 ). In LytS-type proteins the 5TM domains are combined with C-terminal intracellular GAF and histidine kinase domains, while in the YhcK-type proteins the 5TM domain is combined with intracellular GGDEF (diguanylate cyclase catalytic) domains. Occasionally, some members of the latter group, such as SO1500 from Shewanella, are also combined with additional intracellular EAL (cyclic diguanylate phosphodiesterase) and PAS domains ( Figure 8B ). We named this family of conserved 5TM domains the 5TMR-LYT family (for 5 transmembrane receptors of the LytS-YhcK type). 5TMR-LYTs are widely distributed in bacteria, with multiple members in Gram-positive bacteria, various proteobacteria, Fusobacteria, and Deinococcus (Table 1) . The presence of a strongly predicted signal peptide in all members of this family suggests that it adopts a topology analogous to the classic 7TMRs: the N-terminus of the first helix is extracellular (or periplasmic), while the C-terminal tail with the fused signaling domain is intracellular (Figure 9 ). The membranespanning domain of the 5TMR-LYT family is distinguished from other membrane spanning domains by the presence of certain distinctive sequence features. These include the presence of a characteristic NXR motif in the loop between helix-1 and 2, multiple small residues, like glycine and proline, in the middle of helix-2, and a small residue (typically glycine) in the midst of the 5 th helix. These small residues in the middle of the TM helices are likely to distort them, and this conformation may be critical to accommodate a ligand, or provide flexibility for transmission of a signal.
In several bacterial lineages, such as the Gram-positive bacteria and Vibrionaceae, the 5TMR-LYTs of the LytS variety is encoded by a gene that occurs in the same operon as a gene for a LytR type transcription factor (Figure 8B ). This suggests that they transmit a signal via a LytR protein to regulate transcription. In Gram-positive bacte-ria, LytS and LytR affect the composition of the cell wall by regulating murein hydrolases, and disruption of the LytS gene results in increased autolysis [64, 65] . This sug-gests that the membrane-spanning domain of the 5TMR-LYT family may act as a receptor for derivatives of murein. neighborhoods containing genes encoding various signaling proteins with GAF [25] , histidine kinase and receiver modules. Hence, the YchK-like proteins could be part of a distinct signaling complex that could relay signals, which may be dependent on cell wall composition.
Some of the 5TMR-LYTs of the YchK variety occur in gene
A second family of evolutionarily mobile TM domains that was recovered in our search procedure is typified by the conserved N-terminal TM domain, which is found in the E. coli sugar response histidine kinase UhpB ( Figure  8C and 10) . In addition to orthologs of the UhpB protein,
Multiple sequence alignment of the 5TM domains of the 5TMR-LYT family Figure 9 Multiple sequence alignment of the 5TM domains of the 5TMR-LYT family.Multiple sequence alignment the 5TM domains of the 5TMR-LYT family was constructed as detailed in the legend to Figure 1 . The two subgroups 1) LytS and 2) YhcK are shown on the right. The species abbreviations are as shown in Table 1 . [66, 67] with bacterial signal peptide models did not yield strong signal predictions for these proteins. TM helix prediction with an alignment of this conserved TM domain using the PHDhtm program [37] suggested the presence of 8 membranespanning helices. Further, helix prediction, individually for all members of this family, with the TOPRED, TMHMM2.0 and TMPRED programs [34] [35] [36] also suggested the presence of 8 membrane-spanning helices on an average. These algorithms also predicted a topology with an intracellular N and C terminus for this TM domain, which is compatible with the C-terminal signaling domains occurring immediately after the last predicted membrane spanning helix in most instances. Accordingly, we refer to this domain as the 8TMR-UT domain (for 8 trans membrane UhpB type domain).
8TMR-UTs are approximately 290-300 residues in length and are characterized by several distinctive features that differentiate them from all other TM regions ( Figure 10 ). These include, an aromatic position followed by a proline
Multiple sequence alignment of the 8TMR-UT family Figure 10 Multiple sequence alignment of the 8TMR-UT family.Multiple sequence alignment the 8TMR was constructed as detailed in the legend to Figure 1 . The species abbreviations are as shown in Table 1 . in the second helix, a pair of small residues typically glycine in the 5 th helix, and a charged patch just C-terminal to the last helix. The conserved prolines and glycines within the predicted helices suggest that they may possess conformational distortions that could be critical for signal sensing and transduction. The clearest functional clues for the 8TMR-UT domain comes from the E. coli UhpB protein, whose C-terminal intracellular histidine kinase transfers a phosphate to the receiver domain of the transcription factor UhpA. Currently available experimental evidence suggests that the 8TMR-UT domain of UhpB interacts with the transporter UhpC, which binds glucose 6-phosphate [68, 69] . When UhpC binds glucose 6-phosphate it appears to transmit a signal via the 8TMR-UT domain of the UhpB protein to activate its kinase domain. Operons related to the Uhp operon are seen in number of bacteria, suggesting that a similar signal relay system is widely employed in sugar sensing by bacteria.
Phylogenetic analysis of this family suggests that the 8TMR-UT proteins are divided into 3 major groups (Fig.  8C) . Proteins belonging to each of these sub-divisions often show a sporadic phyletic pattern, and often 8TMR-UT domains from distantly related organisms group closely together in the tree (Fig. 8C) . These observations suggest a dynamic evolutionary history with gene loss and lateral transfer as in the case of the 7TM-DISMs. Likewise, the 8TMR-UT domains also appear to have extensively combined with a range of intracellular domains in various bacteria (Fig. 8C ). These combinations often include linkages with GGDEF and HD-GYP domains, which are cyclic diguanylate generating and degrading enzymes respectively, histidine kinase and receiver domains, and PAS domains. In some cases the 8TMR-UT is combined with extracellular CHASE domains [23, 70] (Fig. 8C) , which suggests that it may transmit the conformational changes arising from the interactions of ligands with the CHASE domain, to intracellular signaling domains. These observations suggest that the 8TMR-UT domain might, in general interact with other membrane-associated proteins, and act a switch that senses conformational changes in them to transmit signals. Examination of the gene neighborhoods of the 8TMR-UTs showed that they often co-occurred with genes predicted to encode molecules with HTH, HAMP, PAS, GGDEF, HD-GYP, histidine kinase and receiver domains (Fig. 8C ). These predicted operon organizations suggest that the 8TMR-UTs might functionally interact with other signaling molecules to form complex signaling networks that might help in sensing a wide diversity of stimuli [9] .
Conclusions
The presence of a relatively small set of well-understood signaling domains that are combined with a variety of other accessory domains allowed us to set up a sieve for new receptors in prokaryotes. As a result, we were able to identify two distinct families of 7TM receptors, namely 7TMR-DISM and 7TMR-HD that are unique to bacteria. The discovery of these new 7TMRs in diverse bacteria suggests that they may be more widely utilized in prokaryotes than has been previously suspected. Importantly, the domain architectures of the 7TMR-DISMs suggest that they are likely to activate a variety of intracellular signaling cascades including adenylyl cyclases and kinases. This suggests that these bacterial 7TMRs are functional analogues of the eukaryotic receptors, and could serve as models for the non-G protein linked pathways downstream of the eukaryotic receptors. Most members of the 7TMR-DISM family are fused to one of two extracellular domains at their N-termini. Both these domains are predicted to adopt all-β fold with a jellyroll topology similar to the discoidin-type sugar binding domains. One of them, 7TMR-DISMED1 can be unified with the carbohydrate binding domains of β-galactosidases and β-glucoronidases. Accordingly, the 7TMR-DISM family is predicted to function as receptors for carbohydrates and related molecules.
Based on the contextual information from gene neighborhoods, the 7TMR-HD proteins are predicted to act as receptors that regulate the highly conserved glycerolipid metabolism pathway in response to stimuli sensed by their extracellular domains. The architectures of most of the 7TMR-HD and 7TMR-DISM proteins are reminiscent of the animal metabotropic glutamate and taste receptors. These animal receptors contain an extracellular periplasmic solute-binding domain that is typical of several bacterial signaling proteins [54] . This architecture, along with the limited phyletic pattern of these 7TMR (only found in animals), could imply that they were acquired from an as yet unknown prokaryotic source. In more general terms, the eukaryotic 7TMRs are thus far restricted in their phyletic spread to a few crown group lineages (animals, slime molds fungi and plants) and appear to have proliferated principally through lineage specific expansions from a few founders. The herein-reported discovery of new representatives of 7TMRs in bacteria suggests that they are ancient and widespread in the bacterial lineage. Hence, it is possible that a subset of the crown group eukaryotes may have ultimately acquired the founding members of their 7TMR families from a prokaryotic source through lateral transfer.
We also detected two evolutionarily mobile membranespanning domains, namely 5TM-LYT and 8TMR-UT that are associated with several different types of intracellular domains. These conserved TM domains, unlike members of the 7TMR-DISM and 7TMR-HD families, are not associated with large globular extracellular domains. We propose that one of these families, the 5TMR family, is likely to function as receptors for murein or its components. 8TMR-UT in contrast may sense conformational changes in other membrane-associated proteins and relay these signals to the intracellular signaling domains.
Identification of these receptors suggests new paradigms in bacterial signal transduction, and could also provide models for the functions of an important class of eukaryotic proteins. Experimental investigation of these proteins, particularly those from pathogenic bacteria, such as Bacillus anthracis, Leptospira and Cytophaga, are likely to be of interest in understanding microbial physiology and pathogenesis.
Methods
The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda, Date: April 1, 2003) was searched using the BLASTP program [71] . The searches were supplemented with a new round of searches at the time of revision of the manuscript (June 20, 2003). All completely sequenced and assembled microbial genomes that were submitted to the NCBI GenBank database as of April 2003, including 16 species of archaea and 96 species of bacteria were included used in this analysis. A complete list of these genomes and the predicted proteomes in fasta format can be downloaded from: http://www.ncbi.nlm.nih.gov/ PMGifs/Genomes/micr.html Additional sequences, from microbial genomes that have been sequenced but not completely assembled and submitted to the GenBank database were also used in this analysis. A list of these prokaryotic genomes, from which sequences have been deposited in GenBank can be accessed from the following URL: http:// www.ncbi.nlm.nih.gov/PMGifs/Genomes/eub_u.html Profile searches were conducted using the PSI-BLAST program with either a single sequence or an alignment used as the query, with a default profile inclusion expectation (E) value threshold of 0.01 (unless specified otherwise), and was iterated until convergence [71, 72] . For all searches involving membrane-spanning domains we used a statistical correction for compositional bias to reduce false positives due the general hydrophobicity of these proteins. Multiple alignments were constructed using the T_Coffee program [73] , followed by manual correction based on the PSI-BLAST results. Signal peptides were predicted using the SIGNALP program [66, 67] http:// www.cbs.dtu.dk/services/SignalP-2.0/. Multiple alignments of the N-terminal regions of proteins were used additionally to verify the presence of a conserved signal peptide, and only those signal peptides that were conserved across orthologous groups of proteins were considered as true positives. Transmembrane regions were predicted in individual proteins using the TMPRED, TMHMM2.0 and TOPRED1.0 program with default parameters [34] [35] [36] . For TOPRED1.0, the organism parameter was set to "prokaryote" [34] http://bioweb.pas teur.fr/seqanal/interfaces/toppred.html. Additionally, the multiple alignments were used to predict TM regions with the PHDhtm program [37] . The library of profiles for membrane proteins was prepared by extracting all membrane protein alignments from the PFAM database http:// www.sanger.ac.uk/Software/Pfam/index.shtml) and updating them by adding new members from the NR database. These updated alignments were then used to make HMMs with the HMMER package [74] or PSSM with PSI-BLAST. All large-scale sequence analysis procedures were carried out using the SEALS package http:// www.ncbi.nlm.nih.gov/CBBresearch/Walker/SEALS/ index.html.
Structural manipulations were carried out using the Swiss-PDB viewer program [75] and the ribbon diagrams were constructed with MOLSCRIPT [76] . Searches of the PDB database with query structures was conducted using the DALI program [77] . Protein secondary structure was predicted using a multiple alignment as the input for the PHD program [78] . Homology modeling was carried out using the Swiss-PDB viewer, version 3.7 to align a target sequence with template structures. This alignment was then provided as input to the SWISS-MODEL server [75] to generate a homology model using the PROMODII program. This model was then energy-minimized using the GROMOS96 routine of the SPDBV.
Similarity based clustering of proteins was carried out using the BLASTCLUST program ftp://ftp.ncbi.nih.gov/ blast/documents/blastclust.txt). Phylogenetic analysis was carried out using the maximum-likelihood, neighborjoining and least squares methods [79, 80] . Briefly, this process involved the construction of a least squares tree using the FITCH program or a neighbor joining tree using the NEIGHBOR program (both from the Phylip package) [81] , followed by local rearrangement using the Protml program of the Molphy package [80] to arrive at the maximum likelihood (ML) tree. The statistical significance of various nodes of this ML tree was assessed using the relative estimate of logarithmic likelihood bootstrap (Protml RELL-BP), with 10,000 replicates. Text versions of all alignments reported in this study can be downloaded from: ftp://ftp.ncbi.nih.gov/pub/aravind
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